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Cyclical gas injection Enhanced Oil Recovery (EOR) known as “Huff-n-Puff” (HnP) has 
experienced renewed interest since the EOG success in the Eagle Ford shale play. HnP consists of 
injecting CO2 or a hydrocarbon solvent at a pressure above Minimum Miscibility Pressure (MMP) 
to maximize oil mobility. Re-pressurizing previously hydraulically fractured reservoir can yield 
an additional 30-70% more oil (Thomas et al., 2016). Traditional laboratory EOR studies usually 
focus on recovery evaluation on saturated plug samples and neglect microstructural alteration of 
the rock. 
Our study consists of evaluation of cyclical gas injection performance on crushed samples with a 
rich mixture of methane and ethane (72:28mol%) on “preserved” or “as received” rock samples 
from; the Eagle Ford, Duvernay, Uinta basin, Montney and Meramec. A case by case evaluation 
of these formations is presented to capture the dynamic changes behind HnP by focusing on three 
major elements, the oil (viscosity and composition), the rock (porosity, pore throat size, pore body 
size, internal surface area and microstructural changes), and the solvent (MMP). This workflow 
integrates several petrophysical tools such as NMR, HAWK pyrolysis, MICP, BET, TOC, Helium 
Pycnometry SEM imaging to measure recovery and characterize rock-fluid interactions. A 
sensitivity analysis on NMR fluid recovery is performed to determine the major control parameters 
on EOR. 
The results show that EOR HnP recovery is controlled mostly by the reservoir oil composition and 
pore throat size distribution. Rock properties such as mineralogy, TOC and total porosity are 
secondary controls on recovery. Pore throat size distribution is found to control production rate 
during EOR. The tighter the rock (pore throats size distribution <20nm) the more gradual the HC 
production. However, when the pore throats are large (>20nm) faster depletion is observed. 
xxv 
In addition, a newly define HAWK heaviness fraction, which is the ratio of the heavy components 
S14 to the total HAWK HC production can be used as a proxy to quickly screen cyclical gas 
candidates. Sample with HAWK heaviness fraction > 0.20% are found to be poor candidates for 
EOR using the rich gas. 
Finally, SEM observations after EOR shows alteration of the organic matter but also alteration 
between organic and inorganic minerals.
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CHAPTER 1: INTRODUCTION 
 1.1 Motivation and problem statement 
In the last 20 years, organic rich shale plays have emerged as a major source of hydrocarbon 
production in the Unites States. The U.S oil and gas production has seen an increase in production 
since 2010 due to the combination of hydraulic fracturing and horizontal drilling technology. 
These technologies are responsible for the “shale revolution”. According to the EIA (Fig.1) 
additional wells produced from tight reservoirs led to an increase of crude oil production from an 
average of 5.5 MMbbl/day to more than 12 MMbbl/day from 2010 to 2019. Fig.2 shows the 
location of the major shale plays in the lower 48 such as the Eagle Ford, Bakken and the Permian 
Basin. 
 




































Figure 2 - Map of major shale gas and oil plays in the US Lower 48 states (EIA 2016). 
 
The shale revolution has unlocked additional oil and gas from tight rocks; however, the initial 
production is high during the first few months but declines steeply, often by half or more of initial 
production rate within the first 6 to 12 months (King 2014). Fig.3 is an example of average oil 
production per well in the Eagle Ford play. Primary recovery in tight formations is usually low, 
for example, in the Bakken, the oil recovery factor is approximately 4-6% (Hawthorne et al., 2013). 
It becomes essential to evaluate more sustainable production methods in order to recover additional 
oil and gas locked in the subsurface. One method of EOR that has attracted attention in the last 
few years is the cyclical gas injection also known as HnP. In 2016, EOG Resources announced 
successful gas injection EOR in the Eagle Ford resulting in the additional recovery of 30-70% 
(Hoffman 2018). They set the standard for both the industry and academia looking for a low-cost 




Figure 3 - Average oil production per well in the Eagle Ford (EIA 2016) showing steep decline 
after few months of production.  
 
Figure 4 - Additional 30-70% recovery from huff-n-puff gas in the Eagle Ford compared to 
primary depletion, reported by EOG Resources (Thomas et al., 2016). 
 
Numerous experimental and simulation studies have focused on EOR injection on recombined oil 
saturated rock samples. They generally overlook structural changes in the rock after gas injection. 
In this study we propose to evaluate EOR performance in different shales in “preserved” or “as 
received” states with a rich mixture of C1:C2 (72:28), then investigate the major oil and rock 
properties controlling hydrocarbon recovery in these plays with an “in-house workflow”. 
4 
 
1.2 Scope of the thesis 
The focus of this work is to experimentally evaluate huff-n-puff recovery and microstructural 
alterations on various liquid rich shales from Eagle Ford, Duvernay, Uinta basin, Montney and 
Meramec. A case by case performance evaluation is made to determine the significant control 
parameters from each play. Those parameters are typically the oil composition, pore size 
distribution, pore throat size, porosity, organic content, internal surface area, and mineralogy. The 
objective of this study is to fundamentally understand the major controls on recovery of miscible 

















1.3 Organization of the thesis 
This thesis is divided into five chapters and is presented as follows: 
• Chapter 1; introduces the motivation, problem statement and describe the scope of this 
study. 
• Chapter 2; includes a literature review on gas injection EOR and the field study in 
unconventional reservoirs. 
• Chapter 3; describes the details of the equipment, methodologies, and experimental 
procedures for huff-n-puff tests. 
• Chapter 4; discusses the result and analyses of the study. 
















CHAPTER 2: BACKGROUND RESEARCH AND LITERATURE REVIEW 
 2.1 What is a shale? 
Shales are laminated fine grained (particles size < 4 µm) sedimentary rock made of quartz, 
carbonates and clays minerals. Shale mineralogy is dominated by clays. However, it is important 
to mention that not all unconventional reservoirs are dominated by clays (Fig.5).  
 
 
Figure 5 - Mineralogy of several shale reservoirs based on average clay content, carbonate 
(calcite+dolomite), quartz and feldspar (Boak et al., 2011). Not all shales are truly shales, for 
example, Eagle Ford, Niobrara or Meramec.  
 
The main commonality between shale reservoirs is the presence of organic matter. The main two 
components of these reservoirs are organic matter and inorganic minerals (Fig.6). These two 




Figure 6 - Backscattered electron (BSE) image of FIB milled shales from Barnett, Horn river, 
Marcellus and Haynesville showing the presence of organic and inorganic pores (Curtis et 
al., 2013). 
In addition to the mineralogy, fluid partitioning inside shales pore system add another layer of 
complexity to their flow properties. Fig.7 shows the components of shale rock and co-existence of 
different pore fluid and pore fluid system. Inorganic pores can be oil wet, water wet or both, while 
organic pores are assumed to be oil wet (Dang et al., 2018). The presence of mixed wettability 
system adds another layer of complexity in storage and transport for these unconventional 
reservoirs. As opposed to conventional petroleum system, which consists of source rock, reservoir 
rock, and a seal. A shale was the traditional seal for conventional reservoirs, due to their low 
porosity and permeability. Today’s growing energy demands and technology advances such as 
horizontal drilling and hydraulic fracturing have allowed economical production of these 




Figure 7 - General distribution of different fluids and pore system in shale. Complication 
arises by the coexistence of inorganic pores which can be oil, water, or mixed wet; and 
organic pores which are assumed to be oil wet (Dang et al., 2018). 
 
2.2 What is EOR Huff-n-Puff? 
Traditional EOR (Enhanced Oil Recovery) consists of injecting a fluid into the reservoir to 
improve sweep efficiency, either water or gas (usually CO2 or hydrocarbon-based solvents), but 
due to ultra-low permeability water injection becomes impossible in unconventional reservoirs. 
Only gas injection represents a viable solution. HnP consists of injecting a solvent gas at pressure 
above MMP. The gas is allowed to soak into the rock for a period of time and then the well is put 
back on production. During the soaking period the gas will move from the fractures into the liquid 
hydrocarbons in the matrix through advection and diffusion. The gas will dissolve into the oil 
causing it to expand and be expelled into the fractures. Other mechanisms, such as viscosity 
reduction and vaporization may also be active, but they are expected to be less important for the 
liquid rich windows of unconventional reservoirs (Hoffman et al., 2019). Simulation and 
experimental work have shown very promising results, Table 1 and Table 2 summarize recent 
simulation and experimental studies in EOR. The results are very optimistic with oil recoveries 
greater than 90% from laboratory experiments and 50% from simulation. 
The authors of these studies have focused on various parameters controlling recoveries. Gamadi 
et al. (2013, 2014) investigated the performance of HnP using N2 and CO2 as injectant on Barnett, 
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Mancos, and Eagle Ford rock samples saturated with mineral oil (Soltrol 130). They found that N2 
could increase the recovery from 10-50% depending on the injection pressure and shale core type. 
Yu and Sheng (2016) studied the impact of soaking and production times on N2 huff-n-puff 
performance. They found that HnP could enhance recovery up to 45%. The same authors 
concluded that a major factor controlling recovery in tight rock is re-pressurization. However, most 
of these studies are based on re-saturated rock samples. The novelty of this thesis is the use of 
“preserved” or “as received” samples with fluid composition much closer to the original reservoir 


















Table 1 - Recent experimental EOR studies showing various EOR scheme on major 
unconventional plays. All studies display optimistic recovery after EOR. However, it is 
essential to mention that these studied were carried by saturating rock sample with produced 





Table 2 - Recent simulation studies showing the potential of huff-n-puff EOR. However, most 
studies have focused on CO2 EOR. CO2 has been shown to be a very efficient solvent but its 
availability on field location becomes an issue (Du et al., 2019). 
 
 
In addition to simulation and experimental tests, field EOR test pilots have been implemented since 
2008 in the Bakken and Eagle Ford (Hoffman 2016, 2018). The Bakken EOR pilot did not yield 
additional recovery after HnP mainly because of containment issue. Injected gas was observed at 
offset wells during soaking periods. However, the Eagle Ford pilot displayed oil rate increases 
after gas injection as can be seen in Fig.8. These two pilots clearly indicate that EOR huff-n-puff 
works but additional research and pilots planning is needed to make these operations economical. 
Additional information such as cost of compressors, solvent cost and availability, soaking time 
and their associated production loss must also be considered by operators in order to strategically 




Figure 8 - Eagle Ford EOR pilot test showing incremental and cumulative production rate 
after Huff-n-Puff. 30% additional oil recovery is achieved after EOR compared to primary 
depletion. (Hoffman et al., 2018) 
 
2.3 Review IC3 crushed huff-n-puff gas injection in unconventional reservoirs 
This section reviews various EOR key operational parameters for HnP field application, such as 
sample size, injection pressure relative to MMP, injection rates, soaking time/ residence time, 
solvent composition, production rates and lean versus rich gas EOR. These experiments were 
carried using an Eagle Ford sample. Table 3 shows sample properties. 

















Ford Preserved 5.1 5.0 16 62 13 8 
 
2.3.1 Sample size/surface area   
The impact of sample size on EOR was first investigated by Sheng and Li (2016), on saturated 
Wolfcamp shale with various lengths and diameters. They found that diameter has more impact 
on oil recovery than length. They concluded that the two main parameters controlling recovery are 
the apparent surface to volume ratio and the pressure gradient along the radial axis of the core. 
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Later Minh (2018) investigated the impact of surface area on crushed Eagle Ford at 150 ⁰F with 
CO2 as an injectate using different particle sizes (6.7-8mm, 4.76-.6.7mm, 2-4.7mm, 0.9-2mm). He 
found that smaller the particle size (i.e. the larger the external surface area) the larger the 
cumulative recovery. Similar experiment was carried out on a preserved Eagle Ford plug of similar 
1.5in radius but various length (1in, 0.5in and 0.25in). The geometry of these samples along with 
their associated external surface area to volume ratio (S/V) is presented in Fig.9. Fig.10 shows the 
NMR T2 relaxation responses of these three plugs during HnP, where large pores (T2>1ms) are 
depleted first then followed by smaller pore bodies (T2<1ms). Like crushed HnP results, as S/V 
increases recovery also increases. Fig.11 shows that the sample with high S/V of 10.6 in-1 recovery 
plateaued faster at 60% after 4 cycles only, while the sample with S/V of 6.6 in-1 and 4.6 in-1 
recovery plateaued after subsequent cycles. Observations that underscore the importance of S/V 
for EOR performance. 
 
Figure 9 - Core plug dimensions with associated external surface area to volume ratios (S/V). 




















































































Figure 10 - NMR T2 relaxation response during HnP experiment with C1:C2(72:28) at 4500 
psi and 150 ⁰F for a) plug S/V=4.6 in-1 b) plug S/V=6.6 in-1 c) S/V=10.6 in-1. The soaking time 
was 24-hours and the production time 24-hours, which represent one cycle in our 
experiment.  
 
Figure 11 – HnP recovery as a function of S/V. Overall the higher the S/V the greater the 
recovery. The sample with larger S/V plateaued earlier than the other samples. This 




























































Fig.12 summarizes literature data and additional S/V experiments on Eagle Ford and Wolfcamp 
shale using different injectate and particles sizes. It is clearly visible that irrespective of the 
operating conditions and solvent used, the recovery is the highest for crushed samples, which, 
emphasizes the importance of hydraulic fracture job quality pre-cyclical gas injection. Fracture 
geometry and stimulated reservoir volume must be optimal before injection. 
 
Figure 12 - Summary of S/V study on various play, using different injectate and particle 
sizes. Only the crushed HnP shows recovery greater that 60%, which means that irrespective 
to the HnP scheme S/V plays a critical role in HC mobilization.  
 
 
2.3.2 Injection pressure 
Another operational parameter of interest for HnP operation is the injection pressure relative to 
MMP. These parameters are strongly tied to field compressor use. Typical compressor system cost 
$4-4.5millions with injection pressures between 7000-9000 psi (JPT 2019). Fig.13 shows the 


























CH4 injectate and saturated Wolfcamp (plug) Li and Sheng (2016)
CO2 injectate and preserved Eagle Ford (crushed rock) Minh (2018)
C1:C2 (72:28) injectate and non preserved  Wolfcamp (plug) Mamoudou (2020)
C1:C2 (72:28) injectate and preserved  Eagle Ford (plug) This study
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the soak time and production time was kept to 1-hour. The data shows that HC is mobilized even 
during the injection phase. Moreover, comparing the two injection rates, fast injection yields 10% 
more recovery after 6 cycles. In other words, fast injection period tends to be more beneficial. 
Fig.14 summarizes the effect of injection pressure relative to MMP using the mixture of 
C1:C2(72:28) on crushed Eagle Ford samples. The results show that there are no substantial 
additional benefits associated with injecting at high pressure above MMP (2000 psi vs 1000 psi 
above MMP). The injection pressure should always be kept above MMP to maximize recovery. 
Subsequent gas chromatography analysis on the rock residual fluid shows that injection above 
MMP can vaporize heavier HC fraction up to C25, while below MMP HC mobilization is limited 
to C19 (Fig.15) 
 
Figure 13 - Comparison between fast and slow injection rates during HnP, on Eagle Ford 
crushed sample (7-8mm) at 150 ⁰F using a mixture of C1:C2(72:28) at 4500 psi (Minh 2018). 




























Figure 14 - Impact of injection pressure relative to MMP on crushed Eagle Ford with 
mixture C1:C2(72:28) using similar operating conditions at 150 ⁰F. Huff-n-puff should be 
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Figure 15 - GC-MS analysis on fluid pre and post huff-n-puff a) above MMP and b) below 
MMP. The experiment was carried on preserved Eagle Ford crushed sample (7-8 mm) at 
150 ⁰F and 1000 psi above MMP (4500 psi) using the mixture C1:C2 (72:28). At injection 
pressure above MMP greater HCs fraction are mobilized up to C25 against C19 below MMP. 
(Dang 2019) 
 
2.3.3 Soaking time/ residence time 
Another important big question for HnP field implementation is the shut-in time also known as 
soak time. Several experimental and simulation studies (Li et al., 2016; Yu et al., 2016) have shown 
the importance of soak period on recovery efficiency and highlighted the fact that above a certain 
range, longer soak has no improvement on oil recovery. Minh (2018) observed similar recoveries 
(Fig.16) on crushed preserved Eagle Ford samples after 1-hour, 3-hours and 6-hours, when the 
responses are analyzed as function the cumulative residence time. It was defined “residence time” 
as the sum of soak and production times or the total amount of time the solvent is in contact with 
the formation and highlights its importance as an optimization parameter for field application. For 
instance, Yu et al (2016) conducted a series of cyclical gas injection with N2 at 104 ⁰F and 1000 
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cycles, optimal timing to deplete these plugs can be found to be around 20-hours; going above 20-
hours does not yield additional recovery and a residence less than that value might not be enough 





Figure 16 - a) Impact of soaking time of crushed Eagle Ford recovery. The longer the soaking 
time the greater the incremental recovery on a cycle basis. However, b) when the number of 
cycles is converted to residence time the cumulative recovery becomes similar. For field 
application residence time becomes more meaningful as a possible upscaling/optimization 
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Figure 17 - Impact of residence time on 8 saturated Wolfcamp samples (Modified after Yu 
2016). Residence time can be used to determine optimal contact time between a solvent and 
a reservoir for optimization and upscaling purpose. The optimal residence for N2 to deplete 
the Wolfcamp reservoir is around 20-hours, beyond this time, there is no additional recovery. 
 
Residence time was defined earlier by Minh (2018) and Dang (2019) as the sum of soak and 
production time; but their work only focused on the soak period. The next set of HnP propose to 
verify the concept of residence time as an EOR controlling factor by varying soak time (1-hour vs 
3-hours) but also production time (1-hour vs 4.75-hours) on cleaned and dodecane saturated Eagle 
Ford plugs. The main two questions this subsections addresses: (1) What parameter controls the 
residence time, soak or production time, or a combination of both? (2) What would be the optimal 
HnP schedule to mobilize efficiently HC? To address these questions three samples were cleaned 
with a mixture of toluene- methanol (80%-20% by vol) for 24-hours by Soxhlet extraction to 
remove the original fluids, then saturated for 24-hours at 5000 psi with dodecane. Fig.18 shows 
the pressure profiles during the experiments for the three samples, with 1-hour soak and 1-hour 



























4.75-hours production (3+4.75h). All three tests were carried at 150⁰F and 1000 psi above MMP 
during the soak phase. Fig.20 (a,b and c)) show the associated T2 responses during HnP. 
 
Figure 18 - Pressure profile comparison during HnP for three Eagle Ford plugs with 
different soak and production time at 150⁰F. Sample 1 (blue) correspond to 1-hour soak and 
1-hour production for a single cycle. Sample 2 (red) shows the effect of longer production 
time with 1-hour soak and 4.75-hours production. Sample 3 (green) shows the injection 

































































































































Figure 19 - NMR T2 relaxation response during HnP experiment with C1:C2(72:28) at 4200 
psi and 150 ⁰F for three dodecane saturated Eagle Ford plugs for various soak and 
production periods. a) 1 cycle represents 1-hour soak and 1-hour production. b)  1 cycle 
represents 1-hour soak and 4.75-hours soak. c) 1 cycle represents 3-hours soak and 4.75-
hours. 
 
Fig.20 shows that irrespective of the soaking or production time the recovery is the same and the 
values are withing instrument error. When we increase the production time from 1-hour to 4.75-
hours, while keeping the soaking constant to 1-hour there is no additional recovery. Also, 
increasing the soak from 1-hour to 3-hours, while keeping the production to 4.75-hours also does 
not promote significant HC mobilization. The same volume of dodecane is produced whether we 
increase the soaking or the production for these plugs. 
Similar observations were also made by Perez (2020) regarding soak and production using 
molecular simulation on saturated kerogen model with a black oil. The sample size is different but 
some of the observations between plug measurements and molecular simulation agrees well. The 



























































rock matrix. The soaking phase provides limited solvent penetration restricted to 3nm beyond 
fracture face. When scaling the simulation model to an actual reservoir the solvent penetration is 
no more than 2 feet (Perez and Devegowda 2020a). Which means that soaking might not be a 
critical factor during HnP. In our experiment the longer soak was found to be even slightly 
detrimental, which suggest that longer soak might even alter solvent efficiency.  
 
Figure 20 - Effect of soaking time and production time on recovery. Increase soak and 
production time does not increase dodecane recovery 
2.3.4 Solvent composition 
Fig.21 shows the effect of different gas compositions on recovery from Eagle Ford shale samples 
under the same experimental conditions (1-hour soak and 1-hour production at 1000 psi above 
MMP). The results demonstrate that ethane performance is the best when compared to the other 
gases tested in terms of number of cycles needed for maximum recovery. A recovery of 40% was 
achieved in 6 hours for ethane, 4 hours for CO2 and around 16 hours of residence time for C1:C2 































In terms of produced HCs, at 150 ⁰F, ethane was the only solvent capable of mobilizing heavier 
hydrocarbon fractions up to C27; while CO2 and the mixture of C1:C2 (72:28) and field gas were 
only able to efficiently mobilize HCs up to C24 (Fig.22).  
 
Figure 21 - Effect of injection gases composition on huff-n-puff recovery on Eagle Ford 
sample at 150 ⁰F, using various gases. For each gas the injection pressure was 1000 psi above 
relative oil/gas MMP. Pure ethane shows the greatest recovery in the fewest cycles followed 
by CO2, C1:C2 (72:28) and the field gas (C1:C2:C3+/76:14:10). (Dang 2019) 
 
Figure 22 - HAWK pyrolysis results after HnP using various gases. Ethane is found to be 
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2.3.4 Lean vs rich solvent EOR  
Another optimization parameter is the injection gas composition. EOR was initially performed 
with a lean mixture of methane and ethane C1:C2 (95:5), then switched to a mixture richer in ethane, 
C1:C2 (72:28) to determine additional recovery. The same experimental conditions were kept (1-
hour soak and 1-hour production at 150oF). MMP was not measured using the mixture C1:C2 
(95:5), but since the solvent was mostly methane, its MMP was based on pure methane MMP value 
around 5732±300 psi. Injection pressure of 6000 psi for C1:C2 (95:5) and 4500 psi for C1:C2 (72:28) 
were used for this experiment. 
 Fig.23 shows that enriching the gas from 5 to 28 % yields an additional 10% recovery. This 
observation is also verified by simulation work on an offset single well from the same Eagle Ford 
reservoir (Nitec model courtesy of Ovintiv). Based on their simulation study, enriching the solvent 
from 7 to 32 % yields an additional 12.5% (see Fig.24). 
 
Figure 23 - Impact of ethane enrichment during HnP, crushed Eagle Ford are contacted with 
a lean solvent C1:C2 (95:5) mixture and then a richer mixture C1:C2 (78:28). The dashed line 
represents the cycle after which the new solvent was introduced. 10% additional recovery is 





























Figure 24 - Single well simulation comparison between a lean gas injection C1:C2 (93:7) vs 
rich gas injection C1:C2 (68:32). Like experimental work, rich gas injection yield 12.5% 
additional oil recovery (Courtesy of Ovintiv).  
 
2.4 Discussion 
Chapter 2 reviews several critical parameters that the operator can optimize during HnP. The above 
results on preserved Eagle Ford shows that not all parameters improve oil recovery. The most two 
important parameters that yield additional recovery are the surface area and the solvent 
composition. The soaking and production time were found to have minimal to no impact on 
recovery for the sample studied. 
Increasing the surface S/V ratio for a plug from 4.6in-1 to 10.6in-1 increased the recovery from 35% 
to 60%. When the S/V ratio is large the solvent contact with the rock increases, which yield higher 
recovery. The rationale behind this observation is that for tight formation such as the Eagle Ford, 
diffusion coefficient is small, Dang (2019) reported values ranging 1-2×10-8 m2/s. Therefore, the 
solvent penetration in rock is limited to near fracture zones. Perez (2020) also shows that for a 
single fracture using a molecular simulation on a kerogen saturated black oil and a rich solvent in 
29 
 
ethane, penetration depth of the solvent is limited to 3-4nm away from the microfractures. These 
conclusions also explain the low impact of soaking time on oil recovery. In other words, longer 
soak does not favor deeper solvent penetration. This underscore the importance of knowing the 
size of the stimulated reservoir volume after hydraulic fracturing in order to increase contact with 
the reservoir prior HnP. 
The solvent composition is also another major component of an HnP success. For hydrocarbon-
based solvent, richer solvent will tend to have higher recovery. Pure ethane is capable to efficiently 
mobilize heavier HC fraction S14 (up to C27) compared to other solvents, its recovery is the highest 
with 45%, followed by the rich mixture C1:C2 (72:28) with 35% and C1:C2 (95:5) with 19% after 






Crushed rock (7-8mm) can be used for rapid screening for potential candidates for EOR. From the 
experimental data the following conclusion can be drawn: 
• Specific surface area S/V is a major controlling factor for EOR performance, the greater 
the S/V the greater the recovery, whether it is a crushed or plug test. EOR candidates must 
have a larger S/V to allows greater contact between solvent and the rock. 
• Injection pressure above MMP results in mobilization of heavier hydrocarbons (up to C25) 
and higher recovery. 
• Residence time (soaking +production time) controls the recovery factor and can be used as 
an upscaling parameter for field application. 
• For the same experimental conditions, ethane was found to be the best solvent because of 
its lower MMP and its capability to remove heavier HC (up to C27). Enriching the solvent 
during HnP on Eagle Ford samples yielded an additional 10%. Simulation studies between 







CHAPTER 3: METHODOLOGY 
Chapter 3 describes the details of the experimental equipment and procedures used in this study.  
 3.1 General experimental workflow 
Most of the available HnP experiments in the literature focused on injection at reservoir condition; 
however, due to instrument limitation this study will be conducted at temperature of 150 °F (65°C) 
inside a Despach LEB2-18-1 oven. This project consists of a series of experiments to investigate 
the effect of various parameters on EOR on crushed samples. Fig.25 shows the different 




Figure 25 - Experimental apparatus/techniques used to measure EOR HnP performance. 
The green color represents measurements carried before and after EOR, and the grey color 




3.2 Experimental procedures 
The experimental setup for huff-n-puff testing is illustrated in Fig.26. The apparatus consists of a 
pressure high-pressure/high-temperature cell (rated for 6,000 psi at 200°F(93°C)) inside a 
temperature-controlled oven. A Teledyne ISCO Model 100DM Syringe Pump in series with a 
Teledyne ISCO D-Series Pump Controller is used for pressurizing rated for a maximum pressure 
of 10,000 psi. A commercially mixed mixture of methane and ethane (72:28 ±2 mol%) is used as 
the injected solvent. An in-house computer control system software is used to automatically 
open/close a Vindum valves inside the oven. The solid black line on the schematic represents the 
gas line, while the orange dashed line shows the communication between the instrument and the 
computer. 
 
Figure 26 - HnP experimental schematic. The crushed sample is placed inside a high-
pressure cell, located within an oven. A mixture of methane: ethane (72:28 ±2%) is injected 
into high pressure cell via a pump station with precise pressure control; the pressure vessel 




Crude oil saturation is not required because the experiments are conducted on a “preserved” or “as 
received” state. NMR is used to monitor the fluid (hydrocarbon and water) content after each cycle. 
This method improves fluid sensitivity readings particularly when residual volume and porosity 
are small. The steps used in this experiment are listed in the appendix B. 
Cumulative recovery is computed by subtracting the pre and post EOR NMR T2 spectrum. T1-T2 
maps are compared to determine which fluids are liberated during the huff-n-puff experiment. 
Fig.27 (a & b) shows an example of NMR HnP response pre- and post- EOR. 
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
(𝑁𝑀𝑅 𝑣𝑜𝑙𝑝𝑟𝑒 𝐸𝑂𝑅−𝑁𝑀𝑅𝑣𝑜𝑙 𝑎𝑓𝑡𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 𝑥)
𝑁𝑀𝑅 𝑣𝑜𝑙𝑝𝑟𝑒 𝐸𝑂𝑅
𝑥100                                              (1) 
 
Table 4 - 12Mhz Oxford Geospec2 NMR T2 and T1-T2 measurement parameters. 
 Time/Number of 
scans (NSA) 
Tau (µs) T2 max (ms) T1 max (ms) 
T2 Time=8 minutes 57 100  


















Figure 27 – a) Example of NMR T2 relaxation pre- and post- HnP for the same crushed 
sample. The graph shows incremental distribution of the left axis and cumulative 
distribution on the right axis. The difference between the two spectra represents the total 
fluid produced. b) Associated T1-T2 maps for the same crushed samples pre- and post- EOR. 
In both maps HC and water can be discriminated by separating signal clusters. 1:1 line is 
traditionally associated with low viscosity fluid such as brine. While, HCs tends to have 
larger T1:T2 ratio. (Dang 2019) 
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3.3 Instrument and Theory Review 
3.3.1 Minimum Miscibility Pressure (MMP) 
The minimum miscibility pressure is a major optimization parameter during HnP to achieve 
maximum HC production. To determine the injection pressure for a successful huff-n-puff 
experiment, we needed to determine the MMP. This pressure is measured using the Vanishing 
Interfacial Tension (VIT) approach (Hawthorne et al., 2014). The traditional methods consist of 
measuring the Multiple Contact MMP (MC-MMP), where capillary height at different pressures 
from ambient to near MMP pressure is measured, then extrapolated the zero capillary height to 
determine the pressure at which the interfacial tension no longer exists. However, for tight rocks 
with nano scale pore throat size the First Contact Miscible (FC-Miscible) is preferred where the 
interfacial tension completely vanishes and is not extrapolated as seen in Fig.28. This method 
ensures minimal capillary pressure effect (Dang 2019). A summary of FC-MMP is shown in 
Fig.29 at 150 ⁰F. 
 
Figure 28 - Example of FC-MMP between a mixture of C1:C2 (72:28 mol%) and a crude oil 
from Meramec (3.5±0.03 cP at 150 ⁰F). Above MMP capillary height is visible however at or 
below MMP (3500 psi) the capillary height vanishes (Mukherjee 2020). The measurement is 




Figure 29 - FC MMP between several produced oil and a mixture of C1:C2 (72:28 mol%) 
measurement at 150 ⁰F (black) and 185 ⁰F (red). At 150 ⁰F Uinta basin oil 2 and 3 were below 
pour point, hence MMP was determined at 185⁰F. The MMP values are used to determine 
injection pressure during HnP. In this study the injection pressure was kept at 1000 psi above 
MMP. 
3.3.2 Nuclear Magnetic Resonance (NMR) 
NMR has been used extensively in the laboratory and field to determine petrophysical properties 
of saturated (oil or water) rocks.  It is a direct method that is largely independent of the host rock 
influence. NMR theory is based on the excitation and relaxation of hydrogen nuclei present in pore 
fluid. When a pulse is applied to hydrogen nuclei, they align and precess with a characteristic 
Larmor frequency. The behavior of the hydrogen nuclei is quantified using the rate of 
magnetization buildup, also known as T1 relaxation rate, and the decay rate also known as T2 
relaxation. Both relaxations are a function of pore size and pore fluid chemistry. Theorical 
estimation of T1 and T2 as function of viscosity (Bloembergen et al., 1948) shows that viscous 




















These two parameters when combined allow in situ fluid characterization known as T1-T2 
mapping, when fluid viscosity contrast is large enough (Hirasaki and Mohanty 2008) 
For fluid inside a porous media, three independent relaxation are involved, which affect T1 and T2: 
• Bulk relaxation, 𝑇𝑏𝑢𝑙𝑘 
Controlled by the physical properties of the fluid, such as fluid composition and 
viscosity  
• Surface relaxation, 𝑇𝑠𝑢𝑟𝑓 
Interaction between fluid-solid interface, it is strongly affected by mineralogy and is 
needed to determine the ratio of pore surface to volume. 
• Diffusion, 𝑇𝑑𝑖𝑓𝑓 
Diffusion induced relaxation generated by a gradient magnetic field. 





















                                                                                           (3) 
 
Other parameters of interest for our study is the Signal to Noise Ratio (SNR) during NMR 
relaxation acquisition. SNR determines the sensitivity of the NMR spectrometer for a sample 
measurement. It is strongly dependent on amount of in situ fluid present.  
 
In this section, the NMR sensitivity is evaluated using bulk dodecane oil (density = 0.75g/cc). A 
series of 10 dodecane volume (0.1, 0.2, 0.3, 0.5, 0.75, 1, 2, 3, 4 and 5 cc) were prepared inside 
glass vials using a digital scale. For each volume, the weight was taken 4 times before NMR T2 
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relaxation acquisition and 1 time after T2 acquisition to monitor fluid loss during NMR 
measurement. Overall dodecane loss during NMR T2 was negligible (less than 0.005cc). The 
number of scan (NSA) was kept constant at a value of 16 for T2 relaxation acquisition. The 
spectrum is shown on Fig.31. The average gravimetric volume was compared to the NMR T2 
relaxation volume (Fig.32). The same figure shows that NMR is accurate in measuring bulk fluid 
volume, with a 2% error between the two measurements. Additional regression analysis using the 
EXCEL LINEST function, yield a standard error of 0.002cc and 0.006cc in the slope and in the y-
intercept, respectively, which means that NMR is sensitive enough to capture bulk fluid volume 














































Figure 30 - Incremental (a) and (b) cumulative NMR T2 relaxation spectrum (NSA=16) for 
various dodecane oil volume. The glass vial signal was also measured and labelled “blank”. 
Its value was removed during calculation.  
 
Figure 31 - T2 NMR relaxation volume as function of gravimetric volume using dodecane oil 
(0.75g/cc). The red line represents the 1:1 line. NMR is sensitive enough to measure bulk 























































3.3.3 Source Rock Analysis / HAWK 
Source rock analysis includes thermal maturity indicator and organic richness assessment (TOC) 
method. These can be determined through pyrolysis where a few milligrams of powdered crushed 
sample are heated in stages. The amount of gas given off is measured as function of time. An 
example SRA pyrogram is given in Fig.32. Where S1 represent the amount of volatilized HC, S2 
represents the pyrolysis of kerogen and its associated temperature Tmax is an indicator of thermal 
maturity and S3 represents the release of trapped CO2. 
 
Figure 32 - Traditional source rock analysis pyrogram. S1 represent the volume of free HC 
that is producible up to 300 ⁰C. S2 represents the amount of HC generated by thermal 
cracking, its temperature Tmax is a thermal maturity indicator, from 300-550 ⁰C. The S3 
peak is the amount of CO2 by kerogen, up to 600 ⁰C (Boyer et al., 2006) 
 
We used a HAWK® (Hydrocarbon Analyzer With Kinetics) instrument from Wildcat 
Technologies to characterize more accurately hydrocarbon fraction produced during recovery. 
Using HAWK, the traditional source Rock Eval pyrolysis program is modified by breaking down 
the moveable HC in S1 into 4 stages with smaller temperature ramps which divides S1 into S11, 
S12, S13 and S14. An example of the new pyrogram is presented in Fig. 33b with the associated HCs 
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volatized fraction in Table 5. Fig.33a shows the response pyrogram to the standard heating 
protocol. In Fig.34 the same crushed sample (oil window) was run 5 times to determine instrument 
accuracy using the 4-steps protocol. Overall, the instrument shows great repeatability with an error 





Figure 33 - HAWK pyrograms of a shale using traditional pyrolysis (a) and the modified 4-
steps procedure (b). The traditional source Rock Eval pyrolysis program is modified yielding 






















































































S11 S12 S13 S14 S2
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Table 5 - Correspondence between modified Rock Pyrolysis and HCs fraction (Abrams et 
al., 2017) 
Peak  S11 S12 S13 S14 
Temperature Step, oC  100-150 150-200 200-250 250-300 
HCs cutoff < C13 C9-C17 C13-C24 C17-C27 
 
Figure 34 - HAWK sensitivity analysis, where the same shale sample was 5 runs using 4 
heating steps. The plot shows a decreased in oil FID standard deviation as the HC becomes 
heavier. Overall HAWK measurement displays excellent accuracy (±2%) in hydrocarbon 
characterization on shale samples.  
3.3.4 Mercury Injection Capillary Pressure 
Mercury Injection Capillary Pressure (MICP) measurement is used to monitor pore throat size 
alteration created by the injection of the organic solvent. The pore throats are critical elements that 
affect fluid transport and solvent capacity to carry hydrocarbon, they represent the “door” to larger 
pore volumes. 12g of sample (7-8mm) from Batch1 in the experimental procedure is placed inside 
a penetrometer then pressurized in the low pressure (14-27 psi) system of Micrometrics Autopores 
IV. Then, the penetrometer is inserted into the high-pressure system of the instrument, where the 
mercury is pressured up to 60,000 psi. Mercury being a non-wetting fluid will penetrate the pores 



































throat size distribution. Finally, the measurement is repeated in the same fashion after HnP. Fig.35 
shows the impact of mixture of C1:C2 (72:28) on a Duvernay shale sample at 150 ⁰F after 10 cycles 
at injection 1000 psi above MMP. The solvent opens significantly more pore throats after EOR.  
 
Figure 35 - Example of pore throat size alteration after 10 HnP cycles on a Duvernay shale 
at 150 ⁰F. The experiment was carried at 1000 psi above MMP by cyclically injecting a 
mixture of C1:C2 (72:28). Large increase in pore throat sizes < 10nm after EOR shows that 
the solvent could open smaller pore throats which could provide access to larger pore bodies. 
(Dang 2019) 
3.3.5 Isothermal Adsorption and Pore Size Distribution 
Low pressure nitrogen isothermal adsorption is used to measure internal surface area changes, or 
the “room” created by the HnP experiment. Adsorption is the process by which molecules are 
attracted and retained by a surface (Barnes and Gentle 2005). In our experiment a Micrometrics 
Tristar 2 is used to characterize surface area based on Brunauer, Emmett and Teller (BET) theory 
(1930) and pore size distribution (PSD) using a Density Functional Theory (DFT) model with a 
liquid nitrogen as adsorbate at 77.36 K, from 0.05 – 1 relative pressure (P/P0). Most of tight rocks 
have an average pore size distribution in the nanometer range (<100nm). BET can be used to 
determine surface area of pores between (2-200nm) (Sinha 2017). For PSD inversion DFT model 


































for our study. Fig.36 is an example of PSD pre- and post- EOR on the same Duvernay sample 
using C1:C2 (72:28). Like MICP the graph shows substantial increase in pore size distribution with 
a BET surface area doubling from 1.4 to 2.7 ±0.2 m2/g after EOR. 
 
Figure 36 - Pore size distribution alteration after HnP using DFT slit pore inversion on a 
Duvernay shale. Huff-n-puff was carried at 150 ⁰F using a C1:C2(72:28) as injectate at 1000 
psi above MMP. The BET surface area is increased by almost a factor of two after EOR from 
1.4 to 2.7±0.2 m2/g showing that the solvent was capable to open larger or more pore bodies 
after EOR. 
3.3.6 Scanning Electron Microscope (SEM) 
A FEI Quanta 200 scanning electron microscope is used in this study to analyze microstructural 
alteration pre- and post- HnP. Small rock chips (7-8mm) are used. A focused beam of electrons 
scans the surface of the sample and a signal is generated and detected at each point along the scan. 
The back-scatter detector (sensitive to atomic number contrast) is used to outline contrast between 
organic and inorganic matter. Before imaging, the sample is polished using emery paper with 
increasing grit size (180,600,1200) to create a flat cross-sectional surface. Then, the sample is 
mounted on an aluminum stub using Crystal Bond adhesive and placed inside a broad beam argon 
ion mill for 3-hours. An area of a few millimeters in size is milled by two rotating ion guns in order 

































a thin gold layer to provide a good signal and avoid charging issues but for our application only 
the post HnP samples are coated, to avoid altering the interaction between the injected solvent and 
organic matter. 
3.3.7 Total Organic Carbon 
Total organic carbon (TOC) measures the richness in organic content of a rock. It is used in this 
work as a general petrophysical parameter to assess hydrocarbon potential pre- EOR measurement. 
LECO C844 is used to measure in wt% TOC of a crushed sample (particle size <35mesh). Roughly 
1g of sample is treated with 35% hydrochloric acid to remove inorganic carbonates from the 
sample. Then, the powdered sample is placed inside the Leco C844 carbon analyzer, where the 
sample is combusted inside a furnace at 1200 ⁰C, the organic content is measured by quantifying 
the IR signal of the combustion products.  
3.3.8 Helium Pycnometry 
The total porosity is measured on plug samples of at least 10 cc bulk volume by summing the 
effective porosity and the NMR porosity on a dried sample. The sample is dried inside an oven at 
100 ⁰C for several days, while NMR T2 relaxation is used to monitor in situ fluid volume decrease. 
When the in-situ volume does not change (±1pu), Boyle’s Law helium pycnometry is used to 




                                                                                                                                       (4) 
Where Vb is the bulk volume of the plug measured by mercury displacement and VG is measured 




3.3.9 Fourier Transform Infrared Spectroscopy (FTIR) 
The mineralogy was measured using transmission Fourier Transform Infrared Spectroscopy 
(FTIR) (Sondergeld and Rai 1993). The FTIR responds to vibrational energy from covalent bonds, 
each vibration mode results in an infrared absorption at a particular wavenumber. The sum of these 
produces an absorption spectrum which is characteristic of a mineral. An infrared beam is 
transmitted through the sample, where the amount of energy loss measured as absorbance is 
measured by a detector. The energy loss or attenuation is dependent on the mineral types and their 
concentrations. The total absorbance is related to the sum of singular mineral and their 
concentration by the Beer’s Law in Equation 5.  
𝐴(𝑣) = 𝑏𝑘𝑖(𝑣)𝐶𝑖                                                                                                                 (5) 
    where: b = pathlength 
                k
i
 = absorptivity of the i
th
 component 
                C
i
 = Concentration of the i
th
 component        
 
The “as received sample” is crushed and powdered. The powder is dried at 100 ⁰C for 12-hours 
and plasma ashed for 12-hours to remove organic content. The samples are heated for at least 5 h 
at 100 ⁰C before measurement. Finally, 0.0005 g of sample is mixed with 0.3000 g of KBr and 
pressed into pellet which has a constant thickness. The pellet is placed inside Nicolet 6700 FTIR 




CHAPTER 4: RESULTS AND DISCUSSION 
In this section we evaluate the EOR performance of different shale plays. The first objective is to 
determine the best candidates for HnP and then determine possible parameters controlling recovery 
based on the crushed rock protocol established in Chapter 2. A total of 7 wells were studied: 1 well 
from Eagle Ford, 1 well from Duvernay, 2 wells from Uinta basin, 2 wells from Montney and 1 
well from Meramec. 
4.1 Sample Description  
The mineralogy and petrophysical properties of all the sample is presented in Table 6. All samples 
have porosity ranging from 5-9%. They are organic rich with TOC >2 wt%, except the Meramec 
sample (TOC <0.8 wt%). Thermal maturity for the samples is measured based on the HAWK 4 
step protocol as opposed to the traditional pyrolysis Tmax. All samples in this study are in the oil 
window except Meramec and Montney 2 sample, which are immature (Tmax<435⁰C).  





















5 5 460 16 62 13 8 
Duvernay 
(Preserved) 
6 5 460 33 18 48 0 
Uinta 1 (Non 
preserved) 
5 5 460 5 81 11 3 
Uinta 2 (Non 
preserved) 








9 3 415 0 39 59 2 
Meramec (Non 
preserved) 




4.1.1 Pre-HnF pore throat and pore body size 
MICP response in the samples can be grouped into two categories (Fig.37). A group with small 
pore throats (<20 nm) which includes Eagle Ford, Duvernay, Uinta 1 and 2 and a group of samples 
with larger pore throats (>20nm) such as Montney 2 and Meramec. Montney 2 stands out with an 
abundance of large pore throats of the micrometer size. Additional SEM images confirm large 
pores in the order of m in Fig.38 in Montney 2 compared to tight sample such as Eagle Ford, 
where the pores are in nanometer size (5-20nm) inside the OM (Fig.39).  
 
Figure 37 - Mercury injection capillary pressure measurements of the samples used in this 
study. Eagle Ford, Duvernay, Uinta 1 and 2 appear tighter with pore throats <20nm 











































Figure 38 - SEM images showing pore body size contrasts between Montney 2 (Left) and 
Eagle Ford (Right) on the same scale. Large m size pores are visible inside the OM of the 
Montney 2 sample (white arrows). 
 
Figure 39 - Porous region in the Eagle Ford sample to the left. Magnified in image of the 
same sample showing pore bodies ranging from 5-20nm inside the organic material.  
Eagle Ford Montney 2 
Pore 
Pore 










4.1.2 As received fluid saturation 
Fig.40 shows HAWK analysis of the residual fluid inside the rock pre- EOR. Preserved rock (Eagle 
Ford and Duvernay) tends to have higher concentration of lighter components S11 and S12 (< C17) 
compared to other formations.  
In addition, T1-T2 maps were also collected to determine fluid type before EOR. Traditionally T1-
T2 ratios for water ~1-10 and for oil ~ 10-20. Fig.41 shows T1-T2 maps for the samples. Eagle 
Ford, Duvernay, Uinta 1 and Montney 2 are HC rich with low residual water, while Uinta 2, 
Montney 1 and Meramec have low oil saturation with mostly residual water. 
 
Figure 40 - HAWK analysis using the 4-step heating protocol on the as received samples. 
Notice that preserved sample (Eagle Ford and Duvernay) have the highest HC saturation, 



































Figure 41 - As received T1-T2 maps of crushed samples on the same scale. Notice Eagle Ford, 
Duvernay and Montney 2 have the highest oil saturation. Low residual oil saturation is 
observed in Uinta 2, Montney 1 and Meramec with high water saturation. 
 
4.1.3 Water signal identification 
After T1-T2 map acquisition it is important to verify that the water signal recorded between T1- 
T2~1-10 is water. In this section we propose a procedure that uses manganese chloride solution 
(MnCl2) to dope water signal. Previous study from Gannaway (2014) showed that 65% MnCl2 
solution has no measurable NMR volume and does not mix with oil. A Preserved Eagle Ford plug 
52 
 
(1x1in) was imbibed into a 70% Mncl2 for 96-hours to monitor water and oil signal (Fig.42). Fig.42 
shows an initial increase in water level after 2-hours imbibition in MnCl2 from 0.32 ml to 0.43 ml 
mainly because of a filtration effect; the sample is initially imbibing water with no Mncl2 ions. 
After 24-hours the water volume starts to decrease as the MnCl2 ions are mixing with the water 
inside the sample. Then, the water volume reaches 0.29 ml after 96-hours, which is lower than the 
native water volume of 0.32 ml. The same plot also shows that the oil volume stays constant from 
0.33 ml to 0.32 ml after 96-hours, confirming that MnCl2 is not mixing with oil and that T2~1-10 
is water. Finally, T1-T2 maps on Fig.43 shows a general reduction in water signal after 96-hours 
imbibition in MnCl2. 
 
Figure 42 - Water and oil volume after 96-hours imbibition in 70% MnCl2 solution based on 
T1-T2 maps. The water signal initially increases as water is entering the rock with no MnCl2 
ions, after 24-hours MnCl2 ions are mixing with the water inside the sample resulting in a 
decrease in NMR volume. After 96-hours the water volume drops below its initial value.  
However, the oil volume remains constant as the MnCl2 does not mix with the oil inside the 



























Figure 43 - T1-T2 of preserved Eagle Ford before and after 96-hours imbibition in 70% 
Manganese chloride solution. The maps show a general decrease in the intensity of the T1-
T2~1-10 peak, confirming that this signal is water.   
 
4.1.4 MMP and oil viscosity 
Fig.44 shows MMP and viscosity of the produced oil from each reservoir. All MMP’s were 
measured with the rich gas of C1:C2 (72:28) at 150 ⁰F. Unfortunately, no oil from Montney 
formation was available for this study. Therefore, MMP was determined through molecular 
simulation using Montney 1 oil composition (Courtesy of Ovintiv). Overall a positive trend is 
observed between the produced oil viscosity and MMP (Fig.45a). The heavier the oil the higher 
the MMP. The same trend is also observed with the residual oil composition. This statement is 
also supported by comparing HAWK heaviest fraction S13 and S14 to MMP on Fig.45b. Previously, 
Minh (2018) and Dang (2019) showed that the mixture of C1:C2(72:28) can mobilize efficiently 
S11 and S12 oil fractions in the Eagle Ford. Hence a HAWK heaviness ratio can be defined as seen 
in Equation 6 by comparing HC fraction left behind by C1:C2(72:28) to the total HC content. 
𝐻𝐴𝑊𝐾 𝐻𝑒𝑎𝑣𝑖𝑛𝑒𝑠𝑠 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑆14
𝑆11+𝑆12+𝑆13+𝑆14




Figure 44 - MMP at 150 ⁰F with mixture of C1:C2 (72:28). No oil was available for Montney 
so the MMP was calculated using molecular simulation of Montney 1 oil composition(red). 










































Figure 45 - Positive relationship between MMP and a) produced oil viscosity at 150 ⁰F and 
b) residual rock heaviness fraction from HAWK. Overall, the heavier the oil the higher the 
MMP. Hence the higher the compression pressure required to achieve efficient HC 
mobilization HnP 
 
4.2 Case study 
4.2.1 Eagle Ford (Preserved) 
Recent success of EOG in the Eagle Ford has raised a lot of interest in understanding the 
mechanism behind HnP EOR. Hence, Eagle Ford shale has been the focus of extensive 
experimental and simulation studies. The fundamental question is what rock/fluid properties make 
this play a major success. This section reviews Eagle Ford crushed sample performance during 
HnP with the mixture of C1:C2 (72:28) at 150 
oF and 4500 psi injection pressure. 
SARA (Saturate, Aromatic, Resin and Asphaltene) analysis (Fig.46) compares produced oils and 
extracted core HC from the same Eagle Ford reservoir. The ternary diagram shows that the Eagle 
Ford reservoir is rich in saturated alkanes (>65%) with low resins and asphaltenes contents (10-
20%). Additional viscosity tests show that at our HnP test temperature of 150 ⁰F, the produced oil 



















is very light with viscosity of 1.42±0.02 cp and API gravity of 45.7±1.6⁰API; this oil will clearly 
be moveable.  
NMR results pre- and post- HnP show that most of the oil is preferentially extracted from the larger 
pore bodies with very little water production (Fig.47 and Fig.48). The produced oil is rich in 
lighter end alkanes < C13 (Fig.49) and after 24-hours residence time (12 cycles) 45% recovery is 
achieved (Fig.50). In this sample there were little changes in the pore throat size distribution in 
Fig.51b; instead it opened smaller pores (<200nm) shown by an increase in BET internal surface 
area from 0.8 to 2.8m2/g. (Fig.51a). Those small alterations are visible at the interface between 
organic and inorganic matter on Fig.52 SEM, where we observe an increase in porosity.  
 
 
Figure 46 - SARA analysis of Eagle Ford produced oils from the same well pad in red and 
core plug extract from 200 ft core sampled from the same well. Note both produced oils and 
residual extract oil have a composition rich in saturated alkanes with limited resins and 






























Figure 47 - NMR T2 spectra for 12 cycles of HnP for the Eagle Ford sample. Hydrocarbon 
recovered are preferentially from the larger pore bodies (1-10ms). HnP cycles were 
conducted using a rich gas mixture of C1:C2 (72:28) at 4500 psi (1000 psi above MMP) and 
150⁰F. One cycle corresponds to 1-hour soak and 1-hour production (Minh 2019). 
 
Figure 48 - 2D T1-T2 maps of the Eagle Ford sample pre- and post- EOR. Comparison of 
fluids signal shows that 73% of the fluid production is oil and 27% is water. For this sample 




































































Figure 49 - HAWK pyrolysis pre- and post- HnP on Eagle Ford crushed sample using the 
same conditions. Note only light HC fractions S11 and S12 are mobilized after 12 cycles of 
HnP.  
 
Figure 50 - Cumulative recovery as function of residence time for Eagle Ford crushed 





























































Figure 51 - a) Isothermal nitrogen BET adsorption measurement pre- and post- EOR for an 
Eagle Ford sample. Nano-pores around 2nm were opened after HnP. BET shows cleaning of 
smaller pores <200nm and an increase in surface area from 0.8 to 2.8m2/g.  b) MICP does 
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Figure 52 - SEM image pre- (left) and post- (right) HnP. No significant microstructural 
alteration was observed in the OM. However, we observe porosity generation between 
organic and inorganic interfaces, which might alter the rock wettability and fluid recovery 
(oil/brine) during HnP. 
4.2.2 Duvernay (Preserved) 
The Duvernay shale is an organic rich shale deposited as basin-filling fine grain sediments 
(argillaceous, calcareous and siliceous muds) overlain by calcareous shales and argillaceous 
limestone. It is considered as the source rock for several oil and gas reservoir in Alberta, Canada 
and is considered a major target for unconventional production (Marshall et al., 2019). 
Like the Eagle Ford previously studied, Duvernay produced oil is very light (52.3±1.0⁰API and 
0.73±0.02 cp at 150 ⁰F). However, the residual HC is not as rich in lighter component S11 and S12 
(<C17) as Eagle Ford. Both formations have porosity and organic content that are similar (TOC ≈ 
5 wt% and ø = 5-6%) and average pore throat size distribution between 2-10nm. After HnP the 
cumulative recovery is close to Eagle Ford, i.e. around 43% (Fig.53 and Fig.54) with HC fraction 
up to C27 being mobilized (Fig.55). Most of the fluid production is HC as can be seen in the T1-T2 
maps (Fig.56). Duvernay shows substantial microstructural alteration after gas injection with large 
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increase in pore surface area and pore throat size distribution (Fig.57). In other words, the solvent 
opened initially smaller pore throats to access additional HC locked inside different pore bodies. 
Those observation are confirmed by the SEM image in Fig.58, which shows an increase in size of 
the organic matter pores after gas injection.  
Additionally, when the differential NMR T2 spectra (ie: every single cycle is subtracted from its 
the subsequent cycle) are plotted as function of T2 relaxation times, the main T2 relaxation shift 
back and forth between fast and slow relaxation and sometimes both as can be seen on Fig.59. The 
same figure shows that fluid comes out from different pore body sizes after each cycle. The solvent 
cleans out a certain group of pore bodies, then after cleaning a pore throat, it can contact new fluid 
from a different pore size body.  
 
Figure 53 - NMR T2 spectra during HnP for Duvernay crushed sample. 10 cycles were 
conducted using a rich gas mixture of C1:C2 (72:28) at 3900 psi (1000 psi above MMP) and 
































































Figure 54 - Cumulative recovery as function of residence time for Duvernay sample crushed 
sample. Note the solvent was able to mobilize 43% of the in-situ fluid. 
 
Figure 55 - HAWK pyrolysis pre- and post- HnP on a Duvernay crushed sample.  Note the 















































New Duvernay New Duvernay_72:28+1000MMP
C9 - C17
C13 - C24 C17 - C27
<C13




Figure 56 - 2D T1-T2 maps of the Duvernay sample pre- (left) and post- (right) EOR. Mostly 




































Figure 57 - a) Isothermal nitrogen adsorption before and after EOR showing opening of 
smaller pores and surface area increases from 1.4 m2/g to 2.7 m2/g. b) MICP shows increase 
in pore throat size by almost 4 times after EOR. 
 
Figure 58 - Pre- (left) and post- (right) EOR SEM images taken on the same scale, showing 
dissolution of the organic matter resulting in an increase by 50 % of the organic pore size 





























Pore Throat Radius (nm)




Figure 59 - Subtracted incremental T2 spectrum from Figure 48 of Duvernay shale showing 
produced volume during each cycle of HnP. This figure shows that HC production is not bias 
toward fast or slow relaxation times, HC comes out of both fast and slow relaxation times 
(i.e. small and large pores) with progressive HnP cycles.  
 
4.2.3 Uinta Basin 1 (Non-Preserved) 
Uinta 1 sample presented in this study is from the Uteland Butte formation. It is the basal carbonate 
of the Green River formation deposited during the first and extensive lake-level rise deposition of 
the Wasatch formation (Morgan et al., 2002). Fig.60 shows the general stratigraphy of the Uinta 
Basin. It is considered a good “tight reservoir” reservoir with thin dolomite beds having porosity 
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Figure 60 - Regional stratigraphy of the Uinta basin. The Uteland Butte is the basal green 
carbonates of the Green River formation (Ramakrishna et al., 2012) 
 
For this reservoir similar experiments were conducted at the same conditions of the Duvernay and 
Eagle Ford (1-hour soak, 1-hour production, 150 ⁰F, 1000 psi above MMP (4700 psi)). The 
significant difference with this formation is that the oil received from the Uinta basin courtesy of 
Ovintiv was in waxy state at room temperature. Pictures of the two waxes at room temperature are 
shown in Fig.61. These waxes are clearly viscous and immovable at room temperature.  Their T2 
relaxation spectra are shown in Fig.62. After EOR very low HC recovery is observed, around 10% 




Figure 61 - Images of brown and yellow wax received from the Uinta basin at room 
temperature.  
 
Figure 62 - T2 relaxation spectra of Uinta 1 and Uinta 2 produced HC. The main peak of 
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Figure 63 - NMR T2 spectra during HnP for Uinta 1 crushed sample. Small depletion is 
observed after EOR. Note that T2 peaks shifts to the left during HnP signifying that the left-
over oil is getting heavier. 
 
Figure 64 - Cumulative recovery as function of residence time for Uinta 1 sample crushed 























































































Figure 65 - 2D T1-T2 maps of Uinta 1 sample pre- (left) and post- (right) HnF. After EOR 
only HC is produced. 
 
HAWK analysis (Fig.66) shows that significantly heavier HC S13 and S14 are left behind after 
EOR. This poor EOR performance is confirmed by BET, MICP and SEM with no changes in 
internal surface area, pore throat size distribution and micro-structure alteration of OM (Fig.67 
and Fig.68).  
 
Figure 66 - HAWK pyrolysis pre- and post- HnP on Uinta 1 crushed sample. Note mostly S11 
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Figure 67 - a) Isothermal nitrogen adsorption before and after EOR showing modest increase 
in surface area (<10%) from 2.5 m2/g to 2.8 m2/g. b) MICP shows modest increase in pore 
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Figure 68 - SEM image pre- (left) and post- (right) HnP show no significant microstructural 
alteration was observed in the OM. 
 
4.2.4 Uinta Basin 2 (Non-Preserved) 
Uinta sample 2 is from the Wasatch formation (Fig. 60). It is predominantly made of sandstones 
and variegated red, green, and gray shale deposited in a fluvial setting (Johnson 2003). Its porosity 
is higher than Uinta 1 (7% versus 5%). There is initially low HC saturation as can be seen in the 
T1-T2 map. Most of the residual fluid is water (Fig.69). A cumulative recovery of 28% is observed 
after only 12-hours residence time (Fig.70 and Fig.71). The small volume of HC produced is rich 
in HC up to C27 (Fig.72). BET and MICP (Fig.73) show that this produced fluid comes from very 
small pores (<10nm). SEM images (Fig.74) show substantially more clay than Uinta1 suggesting 




Figure 69: 2D T1-T2 maps of Uinta 2 sample pre- (left) and post- (right) HnP. Very low HC 
present in the sample pre- EOR. Note after EOR mostly water is produced.  
 
Figure 70 - Cumulative recovery as function of residence time for Uinta 2 crushed sample. 





























Figure 71 - NMR T2 spectra during huff-n-puff for Uinta 2 crushed sample. Relatively 
smaller pore bodies (<1ms) are depleted during EOR.   
 
Figure 72 - HAWK pyrolysis pre- and post- HnP on Uinta 2 crushed sample. After EOR HC 































































































Figure 73 - a) Isothermal nitrogen adsorption before and after EOR showing 30% increase 
in surface area from very small pores (<10nm). b) However, MICP shows no major change 
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Figure 74 - SEM image pre- (left) and post- (right) HnP. No significant microstructural 
alteration was observed in the OM. Note Uinta 2 has significantly more clay than Uinta 1. 
4.2.5 Montney 1 (Non-Preserved) 
The Montney shale is also a major unconventional reservoir in Canada. It is a thick and extensive 
siltstone rich reservoir extending between British Columbia and Alberta; this formation is 
estimated to contain 449 Tcf of marketable gas, 14,521 MMbbl of marketable natural gas liquid 
and 1,125 MMbbl of marketable oil (National Energy Board 2013). 
Post HnP, NMR results (Fig.75, Fig.76 and Fig.77) show that for Montney 1, both water and HC 
are produced with a cumulative production of 23%. The first cycle produced 19% recovery. Like 
Uinta 2 HAWK results shows that the solvent is effective in moving HC up to S13 (<C24) (Fig.78). 
BET show in increase in the surface area by a factor of 4, from 0.4 m2/g to 1.6 m2/g in very small 
pores (4-5nm) (Fig.79). Observations that agrees well with SEM images showing no 
microstructural alteration except for extensive amount of rock debris on the surface of the sample, 





Figure 75 - 2D T1-T2 maps of Montney 1 sample pre- (left) and post- (right) HnP. After HnP 
46% of oil and 54% of water was produced.  
 
 
Figure 76 - NMR T2 spectra during HnP for Montney 1 crushed sample. Most of the 
production happens during cycle 1. Note based on T2 alone no clear distinction can be made 






























































Figure 77 - Cumulative recovery as function of residence time for Montney 1 crushed sample. 
Note cycle 1 is the most efficient with almost 20% recovery. The ultimate recovery ~24% is 
achieved after 12-hours. 
 
 
Figure 78 - HAWK pyrolysis pre- and post- HnP on Montney 1 crushed samples. After EOR 






























































Figure 79 - Isothermal nitrogen adsorption before and after EOR showing increase surface 
area from 0.4 m2/g to 1.6 m2/g coming from very small pores (4-5 nm). b) However, MICP 
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Figure 80 - SEM image pre- (left) and post- (right) HnP. No microstructural alteration is 
observed after EOR. Note the extensive amount of debris after EOR, which plug pores and 
reduces recovery. 
 
4.2.6 Montney 2 (Non-Preserved) 
A cumulative HC recovery of 50% is achieved after 20-hours of residence time with a gradual 
depletion rate (Fig.81, Fig.82 and Fig. 83). The depletion rates seem to be controlled by the large 
range of pore throat size (0.1-1μm). The residual oil is also moveable with mostly light HC S11 
and S12 (<C17), which are the main targets of the rich gas C1:C2 (72:28) (Fig. 84). In addition, BET 
and MICP shows significant increase in pore throat size from 0.8 to 1µm (Fig. 85). Observation 
that agrees well with the SEM images showing in increase in pore size by a factor of 2 after gas 




Figure 81 - 2D T1-T2 maps of Montney 2 sample pre- (left) and post- (right) HnP. The sample 
has high initial oil saturation with no residual water. During EOR substantial volume of HC 
is produced.  
 
 
Figure 82 - NMR T2 spectra during HnP for Montney 2 crushed sample. The depletion in 
this sample is gradual and well behaved. Note that the main T2 peaks shift to the left 
































































Figure 83 - Cumulative recovery as a function of residence time for Montney 2 crushed 
sample. Note that after 20-hours, 50% of HC is recovered with a gradual production rate. 
 
Figure 84 - HAWK pyrolysis pre- and post- HnP on Montney 2 crushed sample. After EOR 




























































Figure 85 - Isothermal nitrogen adsorption before and after EOR showing small change in 
surface area; from 0.0018 m2/g to 0.0075 m2/g from small pores. b) However, MICP shows 




















































Pore Throat Radius (nm)




Figure 86 - SEM image pre- (left) and post- (right) HnP showing dissolution of the OM 
microstructure on Montney 2 after HnP. The increase in pore size agrees well with BET and 
MICP interpretation. The new dimensions after EOR in the OM are greater by a factor of 
2. 
4.2.7 Meramec (Non-Preserved) 
For the Meramec sample the test was conducted at the same conditions: rich gas solvent C1:C2 
(72:28) at 4500 psi (1000psi above MMP) and at 150 ⁰F. This sample displays low initial HC 
saturation and very low TOC (0.8wt%). The T1-T2 maps (Fig.87) shows clear fluid separation 
between water and oil, with water in relatively smaller pores, while the residual oil is in larger 
pores. During EOR oil seems to be produced first from the larger pore bodies first (T2 ~1-10ms) 
then smaller pores (T2<1nm) (Fig.88). This fluid production signature is shown by the sudden 
jump in recovery after 6-hours residence time (Fig.89). A cumulative recovery of 44% is observed 
after 12-hours. After EOR HC fractions up to C24 are produced, but most of the oil mobilized is 
lighter HC (<C17) (Fig.90). No significant microstructural alterations are observed with BET, 




Figure 87 - 2D T1-T2 maps of Meramec sample pre- (left) and post- (right) HnP. The sample 
has very low initial oil and water content. Note the clear separation between the two oil and 
HC clusters. In this case water in present in relatively smaller pores while the residual oil is 
in larger pores. 
 
 
Figure 88 - NMR T2 spectra during huff-n-puff for Meramec crushed sample. Larger oil wet 


























































Figure 89 - Cumulative recovery as function of residence time for Meramec crushed sample. 
A total recovery of 44% is observed after 12-hours. Note that the error bars are large due 
low initial residual saturation.  
 
 
Figure 90 - HAWK pyrolysis pre- and post- HnP on Meramec crushed sample. After EOR 
































































Figure 91 - Isothermal nitrogen adsorption before and after EOR showing  little increase in 
surface area from 0.6 m2/g to 0.8 m2/g coming from very small pores (<200nm.) b) MICP 
shows large pores compared to other tight formation in this study but a slight change in pore 
throat size distribution from 50 to 40nm is observed after EOR. Note after EOR there no 
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Figure 92 - SEM image pre- (left) and post- (right) HnP showing no microstructural 
alteration of Meramec. Mostly clay minerals and inorganic material are visible. 
 
4.3 Performance evaluation  
To determine the best HnP candidates, the final oil recoveries for every reservoir is compared as 
illustrated in Fig.93. The cumulative oil recovery was corrected based on T1-T2 maps pre and post 
EOR. Fig.93 shows that Montney 2 has the highest recovery of 51±4%, followed by Duvernay 
36±6%, Eagle Ford 33±5%, Montney 1 11±6% and Uinta 1 9±5%. Following this work the best 
candidate for HnP with the mixture of C1:C2 (72:28) would be the Montney 2, Duvernay and Eagle 
Ford. Montney 1 and Uinta 1 would be poor candidates for the solvent C1:C2(72:28).  
The results shown in Fig.93 clearly indicates different recovery behaviors, which begs the question 






Figure 93 - Summary of cumulative oil recovery after HnP. Montney appears to be the best 
candidate followed by Duvernay and Eagle Ford. 
 
4.4 Performance control 
The previous chapter demonstrated that every reservoir performance with the solvent was unique, 
significant microstructural alteration have been documented from SEM, HAWK, MICP and NMR 
after HnP.  The next part of the study proposes to compare cumulative oil recoveries to major rock 
and fluid properties to determine potential relationships. Fig.94 shows that the oil composition 
seems to have a strong impact on recovery factor. The produced HC viscosity and HAWK 
heaviness fraction developed earlier seems to control the solvent capacity to move fluid out of the 
rock. A reservoir with a light oil and high HAWK S11 and S12 would be a good candidate for EOR 
with the rich solvent C1:C2(72:28). Rock properties such as the total porosity and the average pore 
throat size also plays important roles as can be seen on the same figure. Mineralogy, and organic 






























From all the reservoirs evaluated the Montney 2 sample stands out with the highest oil recovery 
compared to Eagle Ford and Duvernay (Fig.93). The Montney 2 reservoir is a siltstone with large 
pores and pore throats in the micron sizes as can be seen in SEM in Fig.37 and MICP in Fig.38. 
Therefore, fluid flow in these types of pores is expected to be different from a tight formation such 
as the Eagle Ford and Duvernay. When this play is removed from the oil recovery versus HAWK 
heaviness analysis, improved correlation is observed from R2= 0.44 to 0.76 (Fig.95 a and b). 
Fig.95 confirms that for the reservoirs studied oil mobilizations seems to be controlled by the oil 
composition and pore throat size distribution. In the Eagle Ford and Duvernay the oil recovery is 
governed mainly by the oil composition made of light HC S11 and S12, while in the Montney 2 
additional contribution is observed because of larger pore throat size. Samples with heavier HC 





Figure 94 - Relationships between NMR oil recovery with HAWK heaviness fraction, oil 
viscosity, total porosity and average MICP pore throat size. A strong dependence is observed 
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Figure 95 - Relationships between NMR oil with TOC and mineralogy. A weak dependence 
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Figure 96 - Oil recovery as function of HAWK heaviness fraction with (a) and without 
Montney 2 (b). Improved correlation is observed when Montney 2 is removed from the 




CHAPTER 5: CONCLUSIONS 
5.1 Summary 
1. EOR Huff-n-Puff recovery is controlled mostly by the reservoir oil composition and pore 
throat size distribution. Analysis of the produced oil and residual oil composition can be 
used as proxy to quickly evaluate possible candidate. Samples with HAWK heaviness 
fraction >20 % such as the Uinta samples will require a stronger solvent or thermal EOR 
to remover heavier HCs, hence they will be poor candidates for the mixture of C1:C2 
(72:28) 
2. Pore throat size distribution controls the rate of production during EOR. The tighter the 
rock (pore throats size distribution <20nm) the more gradual the HC production. However, 
when the pore throats are large (>20nm) the faster the depletion as can be seen in Montney 
2 and Meramec samples.  
3. Rock properties such as mineralogy and TOC are second order controls on recovery. 
4. SEM results before and after EOR can be used to reveal microstructural alteration that are 
taking place during EOR. Those changes occur by increasing OM pore body sizes, 
sometimes by a factor of 2 or by creating porosity between organic and inorganic. 
5. A comprehensive EOR efficacy protocol was developed to capture the dynamic changes 
behind huff-n-puff. This protocol focuses on three major elements, the oil (viscosity and 
composition), the rock (porosity, pore throat size, pore body size, microstructural change, 
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Appendix A: List of Acronyms  
EOR: Enhanced Oil Recovery 
HnP: Huff-n-Puff 
MMP: Minimum Miscibility Pressure 
HC: Hydrocarbon  
OM: Organic Matter 
TOC: Total Organic Carbon 
S/V: Surface area to Volume ratio 
NMR: Nuclear Magnetic Resonance  
HAWK: Hydrocarbon Analyzer with Kinetics 
FTIR: Fourier Transform Infrared Spectroscopy 
MICP: Mercury Injection Capillary Pressure 
PSD: Pore Size Distribution 
HPP: Helium Pycnometry 
SEM: Scanning Electron Microscope 






Appendix B: EOR HnP methodology  
1- Crush 50g of rocks into 7-8mm particles and separate using a mechanical sieve. 
2- Separate the crushed ~50g into two batches of approximately 25g of 7-8mm particles 
used for EOR measurements and the other batch for petrophysical measurements, MICP, 
HAWK/SRA, FTIR, SEM, BET and TOC.  
3- Batch 1 of the 25g is used to measure NMR T2 relaxation and T1 -T2 map “as received”. 
The parameters for both relaxation constants are specified in Table 4. 
Note: For NMR acquisition the samples are place inside a glass vial and then inserted in the 
NMR spectrometer. 
4- Heat both batches (50g) of the sample at 150°F (65°C) for 5-hours to remove any 
moveable fluid (water or light hydrocarbon) from the sample. We are only interested in 
fluid production due to the solvent effects and not temperature.  
5- Allow the sample to cool for 30 min inside a desiccator. Batch 2 will begin petrophysical 
measurements mentioned above. 
6- After cooling, NMR is run again on Batch 1, and will be considered the new “baseline” 
as the sample has been heated.  
7- Place Batch 1 in the pressure vessel and heat the cell for 2-hours before injection. 
8- Inject the solvent at 30 cc/min using the ISCO pump at pressure above MMP (usually 
1000 psi above MMP) 
9- When the target pressure is reached close the inlet valve using the pressure control on the 
PC. (The pressure should be maintained for couple minute until the pump flow rate 
displays 0psi/min before closing the inlet valve). Finally, allow the gas to soak into the 
rock for 1-hour.  
100 
 
10-  Drawdown the pressure to 14 psi by opening the outlet valve for 1-hour. 
11- Collect the sample inside a glass vial and allow it to cool off for 30 min in the desiccator 
before running NMR T2 along with T1 -T2 map for cycle 1. 






Appendix C: NMR sensitivity analysis 
Table B1 - Raw data NMR fluid sensitivity analysis  
   
Measure
d Mass 











e Std X Measured Y 









3 0.0993 0.1166 0.0942 
0.1521 
0.152




6 0.2026 0.2387 0.2163 
0.2211 
0.221




4 0.2950 0.3110 0.2886 
0.3773 
0.377




2 0.5030 0.5288 0.5064 
0.5611 
0.560




7 0.7474 0.7608 0.7384 
0.7545 
0.754




0 1.0057 1.0404 1.0180 
1.5049 
1.504




7 2.0057 2.0647 2.0423 
2.2541 
2.253




6 3.0043 3.0572 3.0348 
3.0145 
3.014




4 4.0185 4.1015 4.0791 
3.7551 
3.754




4 5.0053 5.1433 5.1209 
 
Table B2 – Excel LINEST regression between gravimetric and NMR measured volume. 
1.020555 -0.0095 Slope Intercept 
0.002812 0.006666 se(slope) se(intercept) 
0.999939 0.014797 r^2 se(y) 
131746.2 8 F df 
28.84421 0.001752 ss reg ss resid 
 
